This review discusses the mechanism and regulation of Ca release from the cardiac sarcoplasmic reticulum. Ca is released through the Ž . Ž . Ca release channel or ryanodine receptor RyR by the process of calcium-induced Ca release CICR . The trigger for this release is the L-type Ca current with a small contribution from Ca entry on the Na-Ca exchange. Recent work has shown that CICR is controlled at the level of small, local domains consisting of one or a small number of L-type Ca channels and associated RyRs. Ca efflux from the s.r. in one such unit is seen as a 'spark' and the properties of these sparks produce controlled Ca release from the s.r. A major factor controlling the amount of Ca released from the s.r. and therefore the magnitude of the systolic Ca transient is its Ca content. The Ca content depends on both the properties of the s.r. and the cytoplasmic Ca concentration. Changes of s.r. Ca content and the Ca released affect the sarcolemmal Ca and Na-Ca exchange currents and this acts to control cell Ca loading and the s.r. Ca content. The opening probability of the RyR can be regulated by various physiological mediators as well as pharmacological compounds. However, it is shown that, due to compensatory changes of s.r. Ca, modifiers of the RyR only produce transient effects on systolic Ca. We conclude that, although the RyR can be regulated, of much greater importance to the control of Ca efflux from the s.r. are effects due to changes of s.r. Ca content. q 1998 Elsevier Science B.V. All rights reserved.
Introduction

Contraction of cardiac muscle is initiated by a systolic
Žw 2q x . rise of intracellular calcium concentration Ca .
i w 2q x Changes in the magnitude of this increase of Ca are i the major mechanism for regulating the force of contraction of the heart and cardiac output. Most of the systolic increase of calcium occurs as a result of release from an intracellular store, the sarcoplasmic reticulum, rather than coming directly from the extracellular fluid. The primary purpose of this review is to discuss recent evidence not only on the mechanism of this Ca release but, most importantly, of how release is regulated. The overall conclusion is that although the release process can be regulated, under many physiological conditions the effects of this are secondary to a form of autoregulation in which the ) Ž . Ž . Corresponding author. Tel.: q44 151 794 4228; Fax: q44 151 794 5347; E-mail: eisner@liv.ac.uk balance of cellular Ca fluxes determine the s.r. Ca content and therefore the release.
In order to put s.r. Ca release into context, it is impossible to ignore completely other mechanisms which control intracellular calcium. However the reader who is interested in a more complete account of cardiac cellular Ca balance w x is referred to the excellent monograph by Bers 1 .
Calcium-induced calcium release
This area has been reviewed extensively and will, therefore, only be considered briefly. It has been known for Ž . many years that calcium induced release of calcium CICR exists in the heart. Evidence for this came, originally, from work showing that elevating calcium in skinned muscle preparations produced contractions due to s.r. Ca release w x 2-4 . Subsequent work showed the likely subcellular Time for primary review 28 days.
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( )mechanism for CICR to be a Ca-dependent opening proba-Ž bility of the s.r. Ca release channel now commonly re-Ž .. ferred to as the ryanodine receptor RyR . This is shown most directly by incorporating the RyR into artificial lipid membranes so that the opening and closing of individual channels can be observed. Under these conditions the open w 2q x probability of RyR is increased by raising Ca on the i w x cytoplasmic face 5 .
CICR in intact cells and the trigger role of the L-type Ca current
The evidence reviewed above demonstrated the existence of CICR. Such studies, however, suffer from the fact that, in work on either skinned cells or isolated s.r. channels, the solutions used are not identical to the cytoplasm of the intact cell. It was therefore important to demonstrate CICR in intact cells. The following evidence has estab-Ž . lished this. i Removal of external Ca immediately abolishes contraction despite the fact that the s.r. still contains Ca which can be released by manoeuvres such as the w x Ž . application of caffeine 6,7 ii Flash photolysis induced release of calcium from a 'caged' calcium compound w produces a contraction which requires s.r. Ca release 7-x Ž . 10 . iii At least under some conditions, the voltage-dependence of the systolic Ca transient is similar to that of the L-type Ca current. Thus, as the magnitude of depolarization is initially increased, there is an increase in the Ž . magnitude of the current as more channels open . However as depolarization is further increased then the Ca Ž current decreases as the driving force for Ca entry into the . cell declines . This is accompanied by first an increase and then a decrease of the systolic Ca transient. On repolarization the driving force for Ca entry is instantaneously restored whereas the voltage-dependent closing of Ca channels takes a few ms to occur and there is therefore an entry of Ca ions which is associated with a Ca transient. This correspondence between Ca entry into the cell and s.r. Ca release is perhaps the strongest evidence for CICR w x 11-13 .
Does Ca entry by routes other than the L-type Ca current trigger CICR?
The work reviewed in the previous section suggests that the L-type Ca channel is the trigger for s.r. Ca release. It has, however, been suggested that Ca entry on the Na-Ca exchange may also trigger release.
Ca entry on Na-Ca exchange produced by a local increase of Na
w x Leblanc and Hume 14 showed that, even when the L-type current was inhibited, depolarization could produce s.r. Ca release. This Ca release required Na entry into the cell through a TTX-sensitive channel and also the presence of extracellular calcium. They explained this as resulting Ž . from i Na entry through the TTX-sensitive channels Ž . followed by ii Na efflux and Ca entry on Na-Ca exchange. As pointed out subsequently, the expected Na entry via the TTX-sensitive channel would produce a very small increase of mean cytoplasmic Na concentration which would be insufficient to affect the Na-Ca exchange. If the Na-Ca exchange is to sense a significant increase of w q x Na then the Na entry must be into a small fraction of i the cell. It was therefore suggested that Na influx would w x occur into a sub-sarcolemmal or 'fuzzy' space 15 . The idea that the Na concentration near the membrane can be different from that in the bulk cytoplasmic solution has been supported by direct electron microprobe measurew x ments 16 as well as by measuring changes in the reversal Ž potential of the Na-Ca exchange current and therefore of . subsarcolemmal Na concentration during changes of Na-K w x Ž w x . pump activity 17 see 18 for review . There is controversy as to the extent to which this Ca release in the absence of the L-type Ca current is an artefact of loss of w x voltage control 19, 20 . Subsequent studies in this area have also produced contradictory results with one reproducing the dependence of the systolic Ca transient on Na w x w x entry 21 and others finding no effect 22,23 .
Ca entry on Na-Ca exchange due to depolarization
w x The work of Leblanc and Hume 14 suggests that the Ca entry on Na-Ca exchange is initiated by a local increase of Na concentration. In contrast, other work has suggested that depolarization may directly stimulate Ca entry on the exchanger. As a consequence of the fact that the Na-Ca exchange transports 3 Na q ions in exchange for each Ca 2q , depolarization will produce Ca entry and Na efflux. It has long been known that changes of contracw 2q x tion or Ca can be produced by the effects of memi w x brane potential on Na-Ca exchange 24-26 . The issue which is still controversial is whether this Ca entry can trigger Ca release from the s.r. which is comparable to that produced by the L-type Ca current.
Some experimental work has shown that depolarization can still produce s.r. Ca release even when the L-type channel is apparently inhibited. Furthermore the voltagew 2q x dependence of contraction or systolic Ca does not i Ž always show the bell-shaped behaviour expected see . above if Ca entry via the L-type current is the main w x mechanism for triggering release 27-29 . In many experiments, the magnitude of the Ca transient increases with depolarization up to a maximum, saturating level. It has been suggested that the Na-Ca exchange dependent triggering may not be seen under the room temperature condiw x tions used in many studies 30,31 . In contrast to these Ž studies, it has been reported that admittedly at room . temperature the deviation from a bell-shaped relationship between voltage and contraction was due to voltage clamp w x errors 20 . However, with the exception of this last report, there is reasonable agreement that Ca entry on Na-Ca exchange can trigger s.r. Ca release to some extent. What is therefore needed is an assessment of the quantitative Ž importance of this mechanism compared to the L-type . channel in triggering release. A recent study using transgenic mice overexpressing the Na-Ca exchange has found that, even when the Na-Ca exchange is overexpressed up to nine fold, Ca entry on the exchange produces a much w 2q x smaller systolic rise of Ca than does the L-type curi w x rent 32 . A quantitative assessment of the relative efficacies of Na-Ca exchange and Ca current has been provided in a recent paper which has measured not only the Ca release produced by the Na-Ca exchange but also the w x magnitude of this Na-Ca exchange current itself 33 . This showed that, for a given amount of Ca entering the cell, the Na-Ca exchange was only 25% as efficient as the L-type channel in promoting Ca release from the s.r. Given that at most potentials the Ca entry via the L-type current is much greater than that via the exchange, it was concluded that Ca entry on Na-Ca exchange would have a negligible role as a trigger of s.r. Ca release. This may be because the Na-Ca exchange is excluded from the release 'microdomains' which contain the L-type channel and w x RyR 34 .
Is there a role for Õoltage-actiÕated release of Ca from the s.r?
w x Ferrier and Howlett 35 showed that depolarization could produce Ca release even under conditions when Ca entry through both the Ca channel and Na-Ca exchange were apparently inhibited. They therefore suggested the possible existence of a voltage-dependent Ca release mechanism perhaps similar to that which is known to produce s.r. Ca release in skeletal muscle. This release process was inactivated by prior depolarization perhaps explaining why it has not been observed in much previous work which has typically used holding potentials of y40 mV in order to inhibit the Na current. Further work on this question has w x recently appeared 36 suggesting that the voltage-dependent release mechanism requires cAMP. Interesting though this data is, it should be noted that it is sometimes difficult to be sure that Ca entry has been completely inhibited. There is always the concern that the residual small percentage of unblocked Ca entry can trigger Ca release from the s.r. One must assess the maximum level of this residual Ca entry and to what extent this could trigger Ca release. It is also important to note the physiological state of the cell. Thus it is well known that, as the s.r. Ca content is increased, it becomes easier to trigger release of Ca from the s.r. For example brief pulses which were unable to trigger Ca release from a lightly loaded s.r. could release w x Ca under more heavily loaded conditions 37 . Furthermore, when the s.r. Ca load is increased sufficiently, Ca w x release occurs spontaneously 38,39 . It is therefore possible that, under very heavily loaded conditions, a very small residual Ca entry is sufficient to cause release. Under w x conditions of elevated cAMP , it is likely that phosphorylation of phospholamban will result in an increased s.r. Ca content. Furthermore phosphorylation of the RyR may stimulate CICR and the combined effect may be that a very small residual Ca current will produce significant Ž CICR. In the presence of isoprenaline which like the w x. conditions reviewed above will increase cAMP , a decrease of the L-type Ca current produces very little, if any, w x reduction of the Ca transient 40 and it is therefore likely that even an undetectably small Ca current will trigger Ca release.
Based on all the work reviewed above, it appears most likely that, under normal conditions the L-type current is the major trigger for Ca release from the s.r. although there may be a small contribution from Ca entry on Na-Ca exchange.
What terminates calcium-induced Ca release?
It has long been appreciated that, at least as originally described, CICR is a positive feedback system. Therefore the Ca which is released from the s.r. will lead to further opening of the release channels and the system will never terminate. In contrast to this prediction, there is good Ž . evidence that CICR is graded. Thus as mentioned above the magnitude of the systolic Ca transient is graded with that of depolarization and the resulting Ca current. Two types of mechanisms have been proposed to account for the lack of positive feedback. Fabiato showed in skinned muscle that, following the Ca-induced activation of rew x lease, there was a subsequent inactivation 4 . This inactivation could be responsible for terminating release although subsequent work on intact cells has not been able w x to demonstrate such inactivation 9 . Work on RyR incorporated into artificial lipid membranes has found a related w 2q x mechanism termed 'adaptation'. Ca was elevated i quickly by flash photolysis of a caged Ca compound. This produced an initial increase of open probability which then w 2q x decayed despite the maintained presence of elevated Ca i w x 41,42 . In the initial experiments the development of this adaptation was slow but subsequent work using physiological Mg concentrations found more rapid adaptation w x 43 .
Sparks and local control theories
A fundamental theoretical advance was made by Stern w x 44 who pointed out that any system in which there was a common pool for calcium was inherently unstable. In other words stability requires that the opening of one L-type Ca channel triggers one or a small number of ryanodine receptors. On this model the graded nature of CICR comes about by recruiting more and more of these basic units whereas each unit responds in an all or none manner. Furthermore he suggested that release could be terminated by the process of 'stochastic attrition' in which the chan-Ž nels close spontaneously at a rate given by the intrinsic ( ). kinetics of the RyR . If there are only a small number of RyR in the pool then there is a finite possibility that, at one w 2q x instant, all RyR will be closed and the local Ca will i immediately decay to levels too low to support RyR opening. Of course the Ca-dependent adaptation process described above will accelerate the rate of this attrition and therefore increase the probability that release will be terminated. The theoretical approach of Stern was confirmed by the introduction of confocal microscopy. Using fluo-3 to meaw 2q x sure Ca in resting cells with a confocal microscope i Ž . occasional flashes of light termed Ca sparks were obw x served 45,46 . The sparks were subsequently shown to w x arise at sites adjacent to transverse tubules 47,48 . The importance of these data for modern theories of excitation-contraction coupling is that, as pointed out by w x Cannell et al. 49 , the spark provides both analog and digital gain. The former is due to the fact that the flux through the RyR is much larger than that through the Ž . L-type channel. The latter digital gain is due to the RyR staying open for longer than the L-type channel. As discussed by these authors, this provides high amplification but without the instability problems referred to above. For w x a review of work in this area see 50 .
What regulates e-c coupling?
A scheme for e-c coupling which arises from the work reviewed above is shown in Fig. 1 . The obvious potential Ž . control points are as follows. i The size of the Ca current w 2q x Ž . and therefore that of the 'trigger' increase of Ca . ii i
The properties of the ryanodine receptor and, in particular, w 2q x Ž . its activation by Ca . iii The Ca content of the i sarcoplasmic reticulum. For reasons which will become obvious below, we will consider these potential control mechanisms in the reverse order.
s.r. Ca content as a regulator of Ca release
Many studies have shown that the size of the systolic Ca transient or contraction is increased under conditions which increase the s.r. Ca content. For a complete discusw x sion of work in this area, the reader is referred to Bers 1 .
Measurement of s.r. Ca content
Systematic analysis of the relationship between s.r. Ca content and systolic Ca requires being able to measure s.r. Ca content. This has been achieved in a variety of ways. Perhaps the most direct method is to use the electron w x microprobe 51 . Another approach is to measure changes of either total or radioactive Ca content of the tissue and look for changes produced by manoeuvres expected to w x change s.r. Ca content 52,53 . However, these methods destroy the tissue under study and cannot be used for repeated measurements from the same cell. To overcome this problem, qualitative techniques have been employed. The general principle is to release all the s.r. Ca content into the cytoplasm and then measure the magnitude of the w 2q x resulting increase of Ca . The calcium can be released i w x either by adding caffeine 6,54,55 or by rapid cooling w x 56,57 .
For many purposes a qualitative measure of s.r. Ca content may be adequate. However in some cases it is important to obtain quantitative measurements. Two ways Ž . have been used to quantify the caffeine approach. i The bulk of the calcium which is released from the s.r. is pumped out of the cell on the Na-Ca exchange. Since the Ž Na-Ca exchange is electrogenic as a result of transporting q 2q . 3 Na rCa , Ca release is accompanied by an inward w x current 58-60 and therefore the amount of Ca pumped out of the cell can be estimated by integrating the Na-Ca Ž exchange current after correcting for Ca removal by non w x. Ž . Na-Ca exchange mechanisms 60 . ii A different approach is to measure the increase of free Ca produced by caffeine and, with a knowledge of the relation between w x free and total Ca, obtained independently 61 , calculate the increase of total Ca produced by caffeine.
Whichever method is used to measure s.r. Ca content, there is general agreement that an increase of s.r. Ca content results in an increased systolic Ca transient. The exact nature of the relationship varies between studies. For example some studies report a linear relationship between w x Ca release and s.r. Ca content 62 . Other work has, however, reported that the relationship can be steeper or w x supralinear 61,63,64 . A supralinear relationship could arise because, as the intra-s.r. Ca buffers saturate, a given increase of total s.r. Ca content results in a larger increase of free s.r. Ca and, therefore, in a larger driving force for Ca flux into the cytoplasm.
How does s.r. Ca content affect s.r. Ca release?
Ž . There are at least two possible explanations: i The increase of s.r. Ca content will increase the driving force for Ca efflux from the s.r. and the efflux from the s.r. This effect may be further amplified by the Ca released from the s.r. binding to the cytoplasmic activation site of the RyR. Evidence that this may be important under cellular conditions has recently been provided by work investigating the ability of calcium to release either strontium or calcium from the s.r. It was found that the fraction of the strontium content of the s.r. which was released was independent of load whereas the fraction of Ca increased with the degree of Ca load. This was attributed to Ca ( )released from the s.r. stimulating further release with w x Ž . strontium being unable to mimic this effect 65 ii In addition, it has been suggested that an increase of s.r. Ca Ž . content, by binding to a site at the internal lumenal surface of the s.r. may increase the opening probability of w x the ryanodine receptor 66,67 . Other workers have, however, suggested that the effect of lumenal Ca, at least in skeletal muscle, is due to Ca accumulating at a cytoplas-Ž Ž .
. w x mic site in other words as in i above 68 but this w x interpretation is disputed 67,69 . For the present purposes, no matter whether the effect of lumenal Ca is direct or mediated via a cytosolic site, an increase of s.r. Ca content can increase Ca efflux from the s.r.
What regulates the s.r. Ca content?
It is important to realize that the s.r. Ca content depends not only on the properties of the s.r. Ca transport pathways Ž . specifically the ryanodine receptor and the Ca-ATPase but also on the level of cytoplasmic Ca concentration. s.r. Ca content will therefore be affected indirectly by sarcolemmal Ca fluxes.
Modulation of s.r. pathways affect the s.r. Ca content
Phosphorylation of the regulatory protein phospholamw x ban 70 will remove its inhibitory action on the s.r. Ca-ATPase and thereby increase the accumulation of Ca by the s.r. This accelerates the rate of decay of systolic w 2q x w x Ca 71,72 and would be expected to increase s.r. Ca i content as a larger fraction of the cytoplasmic Ca will be taken up by the s.r. rather than being pumped out of the cell. Recent work has indeed found that catecholamines increase the s.r. Ca content as measured by the resulting w 2q x w x caffeine-evoked increase of Ca 40 . 
Changes of sarcolemmal Ca fluxes affect the s.r. Ca content
Anything which increases Ca entry into the cell or decreases Ca efflux will result in more Ca being made available to the s.r. Ca-ATPase and will thereby increase Ž s.r. Ca content. Thus slowing the Na-Ca exchange by for example decreasing external Na or increasing intracellular . w x Na will increase s.r. Ca content 6,56 . Changes in the rate or pattern of stimulation have long been known to vary the force of contraction of the heart. Thus, in most species, an increase of heart rate increases the force of contraction Ž . positive force frequency relationship and interruption of Ž regular stimulation by a rest decreases contraction rest . decay . Opposite effects are generally observed in rat heart. These effects on contraction have been correlated with corresponding changes of s.r. Ca content as assessed w x by a variety of methods 73-75 . An increase in the rate of stimulation will have two opposing effects on cellular Ca Ž . balance. i There will be an increase of Ca entry into the cell per unit time due to the increased frequency of action Ž . potentials. ii The increased frequency of systolic Ca transients will increase the Ca efflux from the cell. Which of these effects dominates depends on the species. It has been suggested that the negative force frequency relationw q x ship in the rat arises because it has a higher resting Na i than other species and it also has a short action potential w x 76 . The latter difference means that, in the rat, the membrane potential is essentially fully repolarized at a w 2q x time when Ca is still elevated. Since Ca efflux on i Na-Ca exchange is stimulated at negative membrane potentials, this means that there is a net loss of Ca during systole. In contrast, in most other species, the bulk of the Ca transient occurs during the plateau of the action potential and the Ca efflux is therefore less. Evidence in favour of this hypothesis has been presented in voltage clamped cells where the negative systolic Ca-frequency relationship Ž . observed with short 100 ms duration pulses is abolished w x with longer pulses 77 .
QuantitatiÕe comparison of sarcolemmal Ca fluxes and s.r. Ca content
This sort of analysis of the factors governing cellular Ca loss and gain is qualitative. Recent work has been able to quantify the Ca fluxes. The Ca entry into the cell via the L-type Ca current can be measured by integrating this current. The Ca efflux on Na-Ca exchange can be estimated from the resulting inward current. It is impossible to measure this current during depolarization due to temporal overlap with the L-type current. Instead, it is best meaw x sured from the inward current tail on repolarization 77,78 . If the pulse duration is kept short then most of the Ca transient and therefore the Ca efflux on Na-Ca exchange Ž will occur at the negative holding potential particularly since the Na-Ca exchange is stimulated by hyperpolariza-. tion . This will minimize the error due to unresolved Ca w x efflux during depolarization 77 . It should also be noted that this approach ignores any Ca influx on Na-Ca exchange. This method allows one to compare Ca entry and efflux under steady state stimulation. An initial study in rat w x myocytes found that the influx was 40% of the efflux 77 . Given that the cell must be in Ca balance over the whole stimulation cycle, this result suggests that the cell is gaining Ca between stimuli. This would be consistent with the observed rest potentiation. However more recent work on w x w x both ferret 64 and rat 79 finds that the fluxes are balanced such that the amount of Ca which enters the cell during the Ca current is equal to that which is pumped out of the cell during the tail of NarCa exchange current. A similar conclusion has been reached by comparing the Ca influx on the L-type current with the efflux measured w x isotopically on Na-Ca exchange 80 .
Changes of s.r Ca release control sarcolemmal Ca fluxes
The mechanism by which s.r. Ca content is regulated can be investigated using the techniques described above. Fig. 2 . Qualitative studies have shown that s.r. refilling is accelerated by stimulation. Indeed in many species, unless the cell is stimulated, the w x s.r. does not refill to maximum levels 64,81 . The first Ž . stimulus pulse 1 following removal of caffeine results in a small systolic Ca transient due to the decreased s.r. Ca content. This is associated with a larger L-type Ca current and a smaller Ca efflux on Na-Ca exchange than is seen w x in the steady-state 64 . The increased L-type Ca current is due to decreased Ca-induced inactivation of the Ca current w x 34,82,83 whereas the decreased Na-Ca exchange Ca efflux is simply due to the smaller Ca transient decreasing the degree of activation of the Na-Ca exchange. The changes in these currents mean that, since the cell was in Ca balance in the steady state, the first Ca transient following removal of caffeine results in a net increase of s.r. Ca. The calculated net increase of Ca was found to agree quantitatively with the increase of s.r. Ca content as measured directly from the integral of the caffeine-evoked current. On successive pulses the systolic Ca transient Ž increases in magnitude due to the increased s.r. Ca con-. tent and this is accompanied by a decrease of the L-type Ca current and increase of Na-Ca exchange efflux to Ž . steady-state levels. In the steady state pulse 9 the Ca gain via the L-type current exactly balances the loss on Na-Ca exchange. This sort of analysis shows that the Ca depen- dence of the L-type Ca current and the Na-Ca exchange are adequate to account for the regulation of s.r. Ca Ž . content. This mechanism summarized in Fig. 3 for regulating s.r. Ca content also provides an obvious means to change it. An increase of the L-type Ca current or a depression of Na-Ca exchange will lead to an increase of Ž . cellular and s.r. Ca content. This will increase the size of the systolic Ca transient. This in turn will decrease the Ca 
at an elevated systolic Ca transient. We will show below that this flux balance analysis has important implications for manoeuvres which affect the ryanodine receptor.
Modulation of the ryanodine receptor
Many studies have shown that the Ca fluxes through the ryanodine receptor can be affected by a variety of both endogenous and exogenous ligands. Direct evidence for this comes from studies on the isolated ryanodine receptor either by measuring radioactive Ca flux from vesicles or, even more directly, from electrophysiological measurements of currents through single ryanodine receptors incorporated into artificial membranes. This area has been w x reviewed comprehensively 84-86 .
ATP and other metabolites
ATP increases the opening probability of the RyR w x w x 5,87 . Thus a decrease of ATP , as occurs during ischaemia, may be expected to depress s.r. Ca release. The acidification which occurs in ischaemia and hypoxia will also depress the open probability of the ryanodine receptor 
cADP-ribose
The endogenous pyridine nucleotide metabolite cyclic Ž . ADP-ribose cADPR was first shown to cause Ca release from a ryanodine sensitive, IP -insensitive store in sea 3 w x urchin eggs [94] [95] [96] . Subsequent biochemical analysis demonstrated that cADPR is present in many tissues inw x cluding cardiac muscle 97 raising the possibility that cADPR may act as an endogenous regulator of CICR. In isolated cardiac cells antagonists of cADPR have been w x shown to reduce the amplitude of contraction 98 suggesting a role for cADPR in potentiating CICR, however, another study failed to demonstrate any effect of cADPR or its antagonist 8-amino-cADPR on the systolic Ca tranw x sient 99 and concluded that cADPR does not regulate CICR in intact cardiac myocytes. It now appears that the effects of cADPR on intact ventricular myocytes are temw x perature dependent 100 and this may be one factor accounting for the lack of any effect observed by Guo et w x al. 99 .
More direct evidence that cADPR acts as a modulator of the RyR receptor was provided by planar lipid bilayer experiments in which the open probability of the RyR was w x increased by cADPR 95 , although this effect is reversed w x by the presence of ATP 101 . It has also been suggested that cADPR may induce Ca release from the s.r. indepenw x dently of the RyR 102,103 . However, it appears that the actions of cADPR may require andror be regulated by other factors including lumenal and cytosolic Ca, calmodw ulin, Mg, ATP and even an accessory protein 101,104-x 107 . Given the diversity of modulators of cADPR it is clear that interpreting the effects of cADPR requires careful consideration of the conditions within each set of experiments.
Phosphorylation of RyR
The ryanodine receptor can be phosphorylated by bw x adrenergic stimulation in rat ventricular myocytes 108 w x and the purified RyR can also be phosphorylated 109 . Phosphorylation at multiple sites by both protein kinase A Ž . and Carcalmodulin-dependent protein kinase II CaMKII has been reported and, in each case, relieves Mg-dependent block of the channel and may provide a mechanism w x for recruiting more Ca release sites 110 . Phosphorylation results in increased Ca efflux from the s.r. in skinned w x cardiac trabeculae 111 and an increase in the open probaw x bility and ryanodine binding of isolated RyR 110,112 . Phosphorylation of the channel has been suggested to increase Ca release and phosphatase application to dew x crease the gain of CICR in patch clamped cells 113 .
Ž . Similarly an inhibitor of CaMKII KN-93 decreased the w x gain of CICR in cells 114 .
Immunophillins and the FK binding protein
Some immunosuppresant drugs such as rapamycin or FK-506 may bind to a protein associated with the RyR Ž .
FKBP12 . Work on skeletal RyR expressed in insect cells
showed that FKBP12 increased the number of channels which showed full conducting as opposed to subconducting states but decreased the channel opening in response to w x caffeine 115 . These effects could be reversed by binding rapamycin or FK-506. Subsequent work on cardiac RyR found that rapamycin increased the open probability of the Ž . RyR while decreasing the current amplitude and therefore that the FK binding protein might be depressing Ca w x release 116 . Work on intact cells showed that FK506 increased the duration of Ca sparks and increased both the duration and magnitude of the systolic Ca transient. It was concluded that the FK binding protein may be involved in w x the normal closing of the RyR 117 . Another study on w x intact cells 118 found that FK-506 increased the magni- . load and L-type Ca current were constant . However, in addition to this potentiation of CICR, the authors also reported an inhibition of the Na-Ca exchange. A further complication to analysis of the effects of FK-506 is provided by a report that the effects of this compound on the systolic Ca transient are due to inhibition of the K current w x and prolongation of the action potential 119 but this cannot, of course, account for the effects on Ca sparks.
Pharmacological tools
A large number of chemicals affect the RyR. We will briefly mention two groups which have been used extensively in research on excitation-contraction coupling and are relevant to the later sections of this review.
Caffeine increases the open probability of RyR and thereby increases the sensitivity to cytoplasmic Ca w x 120,121 . If applied at concentrations less than 0.5-1.0 mM, the main effect of caffeine is to potentiate the systolic Ca transient. At higher concentrations of caffeine release of s.r. Ca occurs even in the absence of electrical stimulaw x tion 122 . Caffeine has been used extensively in studies of Ž . excitation-contraction coupling see Section 3.4.2 . The naturally occurring compound carnosine which has some w x structural similarity to caffeine 123 also increases the w x open probability of the RyR 124 .
The local anaesthetics procaine and tetracaine decrease w x the open probability of the RyR 125-127 and thereby depress contraction of both cardiac and skeletal muscle w x 128-131 .
The effects of agents which affect the RyR on systolic [ 2 q ] Ca i
The evidence reviewed above has shown that the ryanodine receptor can be modulated by a variety of manoeuvres and agents. In this section we will consider the effect that such modulation will have on the contraction of the myocyte or heart.
Maintained modulation of the RyR produces tran-[ 2 q ] sient effects on systolic Ca i
At first sight it might appear that stimulation of CICR will increase the amount of calcium released and the force of contraction. Indeed, in much of the work reviewed above this conclusion has been reached. The problem is, however, that the magnitude of systolic release depends not only on the degree of activation of CICR but also on the s.r. Ca content. The significance of this was first noted for the effects of low concentrations of caffeine on systolic w 2q x Ca . At concentrations below 1 mM, caffeine was i found to produce a transient increase in the magnitude of w x the systolic Ca transient and contraction 122 . During steady-state application of caffeine, the magnitude of the Ž . systolic Ca transient returned to control levels see Fig. 4 . On removal of caffeine the systolic Ca transient was transiently less than the control value before returning to the control magnitude. This effect of caffeine was enhanced under conditions that lowered the fraction of the s.r. Ca store released e.g. if external Ca concentration was decreased. It is to be expected that an agent such as caffeine which stimulates CICR should have more effect when the initial trigger is small.
Cellular flux balance during modulation of RyR
The explanation for the transient nature of the response to low concentrations of caffeine is related to the require-Ž . ment for the cell and indeed the s.r. to maintain calcium balance. In the steady-state the amount of Ca which enters Ž the cell from the extracellular fluid primarily via the Ca . Ž current must exactly balance that which leaves mainly on . Na-Ca exchange . If the properties of the Ca removal mechanisms are not affected then the magnitude of the Ca efflux is determined by the magnitude of the systolic rise of calcium concentration. Therefore the magnitude of the systolic Ca transient must be such that the Ca efflux exactly balances the Ca entry. If CICR is stimulated the increase of the systolic Ca transient will increase the Ca efflux from the cell such that it is greater than the entry into the cell. This has been shown directly by comparing Ž . the Ca entry via the L-type Ca current and efflux from w x the cell 132 . As a consequence of this there is a decrease of s.r. Ca content which has the same magnitude as that w x expected from the changes of Ca entry and efflux 132 . Therefore the amount of Ca available for release on the next stimulus will be decreased and the Ca transient, although larger than the previous steady-state one will be decreased. There will still, however, be more efflux than influx until, in the steady-state, efflux, once again, balances entry. This can only be achieved at the same level of Ž . systolic Ca as in the steady-state if influx is unchanged . This therefore explains why the application of caffeine On removal of tetracaine the magnitude of the systolic contraction was transiently increased above control levels as a result of the combination of increased s.r. Ca content and normal RyR function. In other words the effects of tetracaine are exactly opposite to those of caffeine.
Strictly speaking, the above argument assumes that the duration of the Ca transient is not affected by modifying the RyR. A steady-state increase of the Ca transient could be produced by stimulation of the RyR so long as this was accompanied by a decrease in the duration of the Ca transient such that the Ca efflux from the cell was unaffected. For example, it is possible that the decrease of s.r.
Ca content resulting from RyR stimulation will allow the s.r. Ca-ATPase to operate more quickly and thereby compete more effectively with the Na-Ca exchange. This will serve to maintain the s.r. Ca content and result in a maintained increase of the systolic Ca transient.
One should consider why some previous work has found that manoeuvres which are thought to stimulate CICR produce maintained effects on the systolic Ca tran-Ž . sient. There are two major possibilities. i It is possible that some of these agents may also affect processes other than CICR. A maintained increase of the systolic Ca transient could result from stimulation of either the s.r. Ca-ATPase or Ca entry pathways into the cell or inhibition of Ca efflux pathways such as Na-Ca exchange. Indeed, as mentioned above, some of the maintained effect of w 2q x FK-506 on systolic Ca has been attributed to inhibii w x tion of Na-Ca exchange 118 and prolongation of the w x Ž . action potential 119 . ii The above steady-state analysis may not be relevant to the particular experimental conditions used. If low rates of stimulation are used then the s.r. Ca content may reach a steady-state with respect to the diastolic level of calcium. Changes in the amount of calcium gained or lost during systole will therefore have no effect on the steady-state s.r. Ca content. From this point of view it is therefore important that work be carried out at appropriate heart rates. For example the normal heart rate of a guinea pig is about 400 min y1 , a value much greater than the stimulation rates used in most voltage clamp studies. 
Modulation of the sarcolemmal Ca current
Increasing the sarcolemmal Ca current will have two Ž . effects on excitation-contraction coupling. i A direct effect to increase the trigger Ca which stimulates s.r. Ca Ž . release. ii The increase of Ca entry on each Ca transient will increase the Ca loading of the cell and the s.r. These two roles of the Ca current have been previously identified w x by Fabiato 3 . Using an argument identical to that above, it is easy to show that a simple increase of the trigger function of the Ca current can only produce a transient increase of the systolic Ca transient. In other words, increasing the trigger function of the Ca current is identical in action to stimulating the CICR process. We therefore conclude that, in the steady-state, the increase of contraction produced by an increase of the magnitude of the L-type Ca current is due to increased loading of the s.r. and not via any effect on the trigger function.
Is modulation of RyR or the trigger function of the L-type Ca current useful?
Model
Given the above conclusion that stimulation of CICR or the trigger function of the L-type Ca current will have no steady-state effect on the systolic Ca transient, it is worth considering why CICR is modulated. One possibility is that the transient increase of contraction is useful and provides an immediate increase of contraction while other w x slower effects develop 132 . The predictions of a simple model for this are shown in Figs. 6 and 7.
We assume that immediately before the nth stimulus the Ca content of the s.r. is s.r. . A certain fraction, f, of n this Ca is released from the s.r. The resulting increase of systolic Ca is proportional to the sum of this released Ca Ž . and the entry of Ca on the L-type current i . Therefore
where a is a constant. Ž . Of this Ca, a certain amount proportional to p will be Ž pumped back into the s.r. whereas the remainder propor-. tional to q will be pumped out of the cell. The amount of Ca pumped out of the cell is therefore given by:
Ca pumped out of cell s f s.r. q i qr pŽ . Ž .
n C a ( ) For simplicity we set r s q r pwhere r is therefore the fraction of Ca which is pumped out of the cell as opposed to being taken up by the s.r.
Therefore the amount of Ca in the s.r. before the n q 1 systole will be given by:
s.r.
s s.r. q i y f s.r. q i r Ž .
nq 1 n C a n C a s.r. s s.r. 
Ca
The increase of systolic Ca will be:
In the steady-state s.r. s s.r. and it can be shown that Ž .
This shows that the steady-state Ca transient is independent of f, the fraction of Ca released from the s.r. This, of course agrees, with the experimental data for the effects of caffeine and tetracaine. We consider the non steady-state cases below. Ž . Ca-ATPase increase of s.r. Ca content and pure stimula-Ž . tion of trigger decrease of s.r. Ca content . This can be used to model, for example, the effects of a compound w x such as FK-506 which inhibits Na-Ca exchange 118 Ž . equivalent to decreasing r as well as stimulating the RyR.
Simulation of the effects of stimulating the RyR Õersus the s.r. Ca-ATPase
Simulation of the effects of increasing the trigger Õersus the loading function of the L-type Ca current
Almost identical conclusions arise from comparison of the trigger and Ca loading functions of increasing the Ca current. In Fig. 7 an increase of the trigger function results in a transient increase of the systolic transient and a Ž . decrease of s.r. Ca content, v . In contrast an increase in the Ca loading function produces a delayed increase of Ž . both s.r. Ca content and the systolic Ca transient,`. When both effects are combined there is an abrupt and maintained increase of systolic Ca transient with little Ž . effect on s.r. Ca content D . It will be important in future experiments to examine whether the changes of contraction produced by, for example catecholamines can be attributed to the combination of the transient and delayed components predicted above.
The results of this calculation have implications for voltage-activated Ca release. On this scheme, if Ca release is stimulated, there will only be a transient increase of systolic Ca. Whereas CICR automatically provides a mechanism to match Ca entry via the Ca current to Ca release, this is not the case for voltage-activated release. Ž While one can argue that a common mediator perhaps . cAMP as well as stimulating VACR could also increase Ca entry into the cell or uptake by the s.r., the regulation is much less straightforward than is the case for CICR.
How does one tell whether CICR has been modulated in the cell?
Agents such as tetracaine and caffeine enter the cell very rapidly and produce transient effects on contraction. If a compound enters the cell more slowly, no effect on contraction would be expected. This means that the lack of w 2q x any effect of a substance on systolic Ca does not i mean that it has no effect on CICR. The question then arises as to how one can tell whether such a substance has had any effect on CICR. One way to do this is to investigate the amount of Ca released from the s.r. in response to a given trigger Ca current. The problem with this is that it Ž is necessary to bring the s.r. Ca content and possibly the . magnitude of the L-type Ca current back to control levels. In our opinion, a much more straightforward way, as described below, is to investigate the effects on spontaneous s.r. release.
Much work has shown that, under conditions when the cell is 'overloaded' with calcium, spontaneous release of w x Ca from the s.r. ensues 38,39,133,134 . Consistent with ( )them originating from s.r. Ca release, they persist even w x when the surface membrane has been removed 135 . Some of the calcium which is released from the s.r. is w x pumped out of the cell on the Na-Ca exchange 136,137 . This results in the arrhythmogenic transient inward current w x and afterdepolarizations 138-140 . Manoeuvres which increase the Ca load of the cell w x increase the frequency of spontaneous Ca release 141 . In contrast there is no obvious effect on the magnitude of the Ca release. This is quantified in experiments such as that shown in Fig. 8A which shows that large changes of the frequency of spontaneous release are accompanied by a constant integral of the Na-Ca exchange current. In other words it appears that the Ca load of the cell affects only the frequency and not the magnitude of the Ca release w x 142 . This could be explained if spontaneous release occurs once some critical level of s.r. Ca has been reached. Increasing Ca influx will only increase the rate at which this critical level is reached and therefore the frequency. This work examined only the effects of changing external Ca concentration but it is probable that other manoeuvres Ž which affect only sarcolemmal Ca fluxes and not the . properties of the s.r. itself will have no effect on the magnitude of the spontaneous Ca release. Completely dif-Ž . ferent results Fig. 8B are obtained when the RyR is interfered with. Tetracaine decreases the opening probability of the RyR. This produces an initial abolition of spontaneous release before spontaneous release resumes w x 126,143 . Fig. 8B shows Na-Ca exchange currents activated by spontaneous s.r. Ca release. The magnitude of Ž this release as assessed either by the accompanying con-. traction or the integral of the Na-Ca exchange current is w x increased by tetracaine 143 . This effect was attributed to an increase in the critical s.r. Ca content which must be reached for spontaneous Ca release to occur. Once release occurs it is larger as a result of the greater s.r. Ca content. The increase of s.r Ca release is accompanied by a decrease of frequency such that the time-averaged Ca efflux from the cell is unaffected. It is this decrease of frequency which allows the maintained effect of tetracaine on spontaneous in contrast to stimulated release. Therefore the magnitude of the spontaneous release may be a convenient index of RyR status.
Cardiac hypertrophy and failure
The data reviewed above show that a number of pharmacological and physiological interventions alter the properties of the RyR isolated from normal hearts. Cardiac hypertrophy and failure is associated with a decrease of w x systolic Ca 144,145 which is associated with a decrease w x in the expression of RyR 144-147 and it has been suggested that the decrease in RyR may contribute to the w x decreased systolic Ca. A recent study 148 suggested that during cardiac hypertrophy and failure there is a change in the ability of I to trigger release of Ca from the SR and Ca attributed this to a change in the cellular microarchitecture of the dyad. This observation implies that the triggering function of I is reduced. However, the results presented Ca in Figs. 6 and 7 predict that altering either the trigger function or the RyR alone will only have transient effects. One would therefore expect that if either the density of RyR or dyad structure is changed the only net result will be an increase of s.r. Ca content. Several studies using both animal models of cardiac failure and explanted failing human hearts have also shown a decrease in SR Ca-ATPase w x at both the mRNA and protein levels 144,145 and this Ž . see Fig. 6 would produce a maintained decrease of systolic Ca. Taken together, the decrease in SR Ca uptake and the decrease in RyR density would be expected to reproduce the abnormal systolic Ca transients observed in failing cardiac muscle. 
